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Field of Invention 



[0002] This invention relates generally to systems and methods for determining 

ry 

S proper combinations or mixtures. 

■EG 



Background of the Invention 



[0003] In many situations, it is necessary or desirable to combine or mix several 



\J substances or sources (e.g. of color or light), for instance, in order to obtain a 
desired color. Other properties may also need to be controlled or maintained within 
a desired range. Examples involving sources of color include the manufacture of 
fluorescent lamps for active matrix liquid crystal displays (AMLCD) for avionics 
applications, and tuning/specification of backlight color for various display 
applications such as light emitting diode (LED), organic light emitting diode (OLED), 
and cathode ray tubes (CRTs). Specifically, manufacture of fluorescent lamps for 
AMLCD avionics applications, as an example, may require tight control of lamp color 
within a desired range in order to maintain control of the optical output 
specifications. Color ranges or tolerances as low as plus or minus 0.005 in u' v' 
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chroma or chromaticity coordinates (unitless parameters) for such applications are 
not uncommon. Fluorescent typically require three phosphor s 

(red/green/blue) blended together to coat the inside of the glass tube to meet the 
required color target. This blended slurry or mix of phosphors is typically excited 
through plasma in order to produce a white output. In the past, in the lamp industry, 
this blending or obtaining a desired mixture has generally been done empirically and 
required an experienced person with knowledge of both optics and phosphors. 
It typically took several iterations to meet the tight color tolerances or desired ranges 

13 

\p of an avionics application. 

fjj Summary of the Invention 
[00(||] It is one object and feature of the present invention to provide a system and 

In 

.3 method for determining the proper mixture of substances or sources, for instance, to 

|3 obtain a desired 'color or chromaticity. Other objects and features of the present 

|£ 

M invention are that it be highly accurate and precise, that it be easy to use, and that it 

C3 

require only readily available hardware and software. In addition, it is an object of 
the present invention that some embodiments be suitable to allow a lamp 
manufacturer with little or no knowledge of optics to quickly and easily select 
quantities of phosphors for the manufacture of fluorescent lamps for AMLCD 
avionics applications. 

[0005] In at least partial fulfillment of these objects, the present invention provides a 

system and method to accomplish, as an example, high-accuracy color mixing or 
combining sources of color. Specifically, the present invention provides a method 
for determining the proper mixture of substances or combination of sources (e.g. of 
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light), for instance, to obtain a desired color. The method may comprise some or all 
of the steps of determining th§_desjred chromaticity, determining the desired 
quantity of substances (e.g. phosphor mix) or light sources to be produced orjused, 
calculating the proportion of each substance or source of light, and calculating the 
quantity of each substance or source of light that is required to meet the desired 
chromaticity and quantity of substance or source of light. The method may also 
comprise some or all of the steps of mixing the substances (e.g. mixing phosphors, 
to produce a phosphor mix), preparing <a prototype^either with the mix of 

a . V y 

v3 substances or with the sources of light), measuring the chromaticity of the prototype, 

w 

ru 
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and determining if the chromaticity of the prototype is within the desired or required 

range. If the chromaticity is not within the desired or required range, the method 

typically further comprises the step of calculating any required adjustments in the 

|g quantities of substances (e.g. phosphors), light, or light sources. If the chromaticity 

\j is not within the desired or required range, the method may also further comprise 
P 

N* the steps of mixing or adding the required adjustments of substances or light 
sources, preparing another prototype, and measuring the chromaticity of the 
prototype. This process may be repeated until the desired or required chromaticity 
is achieved. Once the chromaticity is within the desired or required range, the 
method may comprise the step of using the mix of substances or light sources to 
manufacture products. Other properties besides chromaticity, may need to be held 
within a desired range by controlling their proportion in a combination or mixture. 
[0006] In specific embodiments, the present invention provides a method of 

obtaining a desired mixture of substances. The substances are generally mixed in a 
(e.g., predetermined) proportion, and the desired mixture will typically have at least 
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one property that is influenced by the proportion of the substances in the desired 
mixture. The desired mixture may have a desired range for the property. The 
method may comprise the steps of: mixing the substances to form a working 
mixture; preparing a prototype with the working mixture; measuring the property of 
the prototype; comparing the property of the prototype with the desired range; 
calculating an adjustment in the proportion of the substances; and repeating these 
steps until the property of the prototype is within the desired range. The calculating 
step may involve using a computer, and a spreadsheet program may be used. The 

13 

%P calculating may involve dividing the property into component bands and performing 

*S 

10 calculations, which may be iterative calculations, on each band. 

jfU 

[0007] The present invention also provides a method for determining a proper 

* combination for obtaining a color within a desired range. This embodiment typically 

I* 

p includes the steps of: calculating quantities of sources of color; combining the 

%j sources of color; preparing a prototype; measuring the chromaticity of the prototype; 

S3 

jk* determining if the chromaticity of the prototype is within the desired range; and 
repeating these steps until the chromaticity of the prototype is within the desired 
range. The prototype may have three sources of color. 
[0008] The present invention also provides, a computer implemented method for 

determining a proper mixture of phosphors for manufacturing florescent lamps that 
produce a chromaticity within a desired range. This embodiment typically includes 
the steps of calculating the proportion of each phosphor to obtain the desired 
chromaticity; mixing the phosphors to form a first working mixture; and preparing a 
first prototype using the first working mixture. It typically also includes measuring 
the chromaticity of the first prototype; and calculating a first adjustment in phosphor 
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quantities. This embodiment generally also includes the steps of adding the first 

adjustment in phosphor quantities to the first working mixture to form a second 

working mixture; preparing a second prototype using the second working mixture; 

and measuring the chromaticity of the second prototype. The calculations may 

utilize hard coded values specifically determined for the phosphors being used, and 

may involve tristimulus values. The computer may further be used to calculate 

additional adjustments in phosphor quantities and additional prototypes may be 

made and measured. 

The present invention also provides, in an exemplary embodiment, a 

computer program, specifically a spreadsheet, specifically a spreadsheet prepared 

for MICROSOFT EXCEL, which can accurately and easily be used to perform the 

step of calculating any required adjustments in the quantities of substances (e.g. 

phosphors) or light sources. The spreadsheet provided is specifically configured, as 

an example, to calculate adjustments in phosphor quantities required for 

manufacturing lamps for backlighting in avionics applications, specifically 

fluorescent lamps for AMLCD avionics applications. Use of the spreadsheet 

described includes the steps of inputting the measured chromaticity, the desired 

chromaticity, and starting phosphor weights for a prototype, pressing "Normalize" 

and "Calculate Adjustment" buttons, and reading the recommended adjustment. 

The spreadsheet performs various calculations in which it divides the chromaticity 

into component wavelength bands, each band two nanometers (nm) wide, and 

performs iterative calculations. The first "Normalize" iterative routine forces 

convergence between the initial weighted chromaticity and the measured 

chromaticity. The second "Calculate Adjustment" iterative routine forces 
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convergence between the measured chromaticity and the target chromaticity. The 
resulting output is the mass in grams of each phosphor to be added to the mix of 
phosphors to obtain the desired chromaticity from the product or lamp. 



Brief Description of the Drawings 
[0010] The present invention is illustrated by way of example and not limitation in 

the accompanying figures, in which like reference numbers indicate similar 

elements, and in which: 

[0011] FIG. 1 is a flow chart illustrating the steps to perform high-accuracy color 



to 



mixing; 

FIG. 2 is a flow chart illustrating the steps to use one spreadsheet 



£3 embodiment of the present invention to calculate adjustments to the quantities of 
$ phosphors; 



FIGS. 3-18 are a printout showing the numerical values of a spreadsheet, 
which illustrates an exemplary embodiment of the present invention; and 
[OdTf 4] FIGS. 1 9 - 46 are a printout showing the formulas for some of the cells of the 

spreadsheet depicted in FIGS. 3-18, which illustrates an exemplary embodiment 
of the present invention. 

Detailed Description 
[0015] Systems and methods in accordance with various aspects of the present 

invention provide an improved way to accomplish mixing of substances or sources 

of light or color. In this regard, the present invention may be described herein in 

terms of functional block components and various processing steps. It should be 

appreciated that such functional blocks may be realized by any number of hardware, 
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[0017] 
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firmware, and/or software components configured to perform the specified functions. 
For example, the present invention may employ various integrated circuit 
components, such as memory elements, digital signal processing elements, look-up 
tables, databases, and the like, which may carry out a variety of functions under the 
control of one or more microprocessors or other control devices. Such general 
techniques and components that are known to those skilled in the art are not 
described in detail herein. 

It should further be understood that the exemplary process illustrated may 
include more or less steps or may be performed in the context of a larger processing 
scheme. Furthermore, the various flowcharts presented in the drawing figures are 
not to be construed as limiting the order in which the individual process steps may 
be performed. 

As a general overview, the present invention provides a system and method 

for determining the proper mixture of substances (e.g. phosphors) or sources (e.g. 

of light) to obtain a required or desired mixture property (e.g. color or chromaticity). 

Referring to FIG. 1, steps may include mixing the substances or sources (e.g. step 

110), preparing a prototype (e.g. step 112), measuring the property (e.g. 

chromaticity) of the prototype (e.g. step 114), and calculating any required 

adjustments in the quantities of substances or sources (e.g. step 118). This process 

may be repeated until the desired property (e.g. chromaticity) is achieved, after 

which the mix of substances or sources may be used to manufacture products (e.g. 

step 120). This invention also provides a computer spreadsheet in MICROSOFT 

EXCEL (e.g. FIGS. 3-46), which generally calculates (e.g. step 118) any required 

adjustments in the quantities of substances or sources. As an exemplary 
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embodiment, the spreadsheet provided is specifically configured to calculate 
adjustments in phosphor quantities required for manufacturing lamps for 
backlighting in AMLCD avionics applications. The measured chromaticity, desired 
chromaticity, and starting prototype phosphor mass or weights are input (e.g. step 
202 shown in FIG. 2). The spreadsheet performs various calculations in which it 
divides the chromaticity into component wavelength bands and performs iterative 
calculations. Convergence is first forced between the initial weighted chromaticity 
and the measured chromaticity (e.g. step 206). Then convergence is forced 
■foQ between the measured chromaticity and the target chromaticity (e.g. step 208). The 



m 
ry 

U 



resulting output is the mass in grams of each phosphor to be added to the mix of 
phosphors to obtain the desired chromaticity from the product or lamp (e.g. step 
210). 

Describing specific embodiments in more detail and referring generally to 
FIG. 1, the present invention may provide a method of obtaining a desired mixture of 
two, three, or more substances. The substances are generally mixed in a 
(prespecified) proportion, and the desired mixture will typically have at least one 
property (e.g. color or chromaticity) that is influenced by the proportion of the 
substances in the desired mixture. The desired mixture may have a desired range 
for the property (e.g. chromaticity). In an exemplary embodiment, the method 
comprises the steps of: mixing the substances to form a working mixture (e.g. step 
110); preparing a prototype with the working mixture (e.g. step 112); measuring the 
property of the prototype (e.g. step 114); comparing the property of the prototype 
with the desired range (e.g. step 116); calculating adjustments in the proportion of 
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the substances (e.g. step 118); and repeating these steps (e.g. steps 110, 112, 114, 
116, and 118) until the property of the prototype is within the desired range. 
[0019] The property (e.g. chromaticity) may comprise, for instance, two coordinates, 

and each coordinate may be influenced by the proportion of the substances. In 
such embodiments, the desired range may include a range or subrange (desired 
subrange) for each coordinate. For instance the property may be color; and the 
coordinates may be chromaticity coordinates. 
[0020] The calculating step (e.g. step 118) may involve using a computer or 

€S processor, and a spreadsheet program (e.g. as shown in FIGS. 3-46) may be used. 

ffl The calculating step (e.g. step 118) may involve dividing the property into 

ru 

component bands (e.g. wavelength bands), may include the performance of 

In 

: " f calculations on each band, and may also involve performing iterative calculations. 
13 In many embodiments, the desired range will include a target or ideal value for the 
\i property. In such embodiments, the step of calculating (e.g. step 118) may involve 
M forcing convergence between the measured property and the target. Many 
embodiments include determining quantities of the substances to add to the working 
mixture (e.g. in step 118), adding the quantities to the working mixture (e.g. in step 
110), and mixing the substances (e.g. step 1 10) to form a slightly different (typically 
improved) working mixture (e.g. to be used to prepare a new prototype in step 1 12). 
[0021] Still referring to FIG. 1, the present invention also provides a method for 

determining a proper combination for obtaining a color within a desired range. This 
second major exemplary embodiment typically includes the steps of: calculating 
quantities of sources of color (e.g. step 108); combining the sources of color (e.g. 
step 110); preparing a prototype (e.g. step 112); measuring the chromaticity of the 
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prototype (e.g. step 114); determining if the chromaticity of the prototype (e.g. a 
lamp) is within the desired range (e.g. step 116); and repeating the above steps 
(e.g. steps 118, 110, 112, 114, and 116) until the chromaticity of the prototype is 
within the desired range. The prototype may have three sources of color (e.g. 
phosphors or different colored LEDs). 
[0022] Again, the calculating steps (e.g. steps 108 and 118) may involve using a 

computer or processor, possibly with a spreadsheet program, and may include the 
step (e.g. step 120) of manufacturing liquid crystal displays or lamps for 

13 

\S3 backlighting in various applications including avionics applications. The calculating 

fjP step (e.g. step 118) may involve determining an adjustment of the sources of color 

I'M 
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(e.g. a quantity of one or more phosphor) and adding the adjustment to the 
(previously combined) quantities of the sources of color (e.g. phosphors). The step 
of calculating (e.g. step 118) in this exemplary embodiment may also comprise 
M dividing the chromaticity into component wavelength bands, which each may all be 
substantially the same width, and may be at least one nanometer wide and no more 
than 3 nanometers wide. The step of calculating (e.g. step 118) in this exemplary 
embodiment may involve performing iterative calculations, and may utilize the 
technique of forcing convergence between the measured property and the target. 
[0023] As described elsewhere herein, in the exemplary embodiment illustrated, the 

wavelength bands are all two nanometers wide. 
[0024] Taking an even more detailed look at the present invention and how it may 

be used in various exemplary embodiments, FIG. 1 is a flow chart illustrating a 
method to achieve the steps of one embodiment of the present invention for color 
mixing. For purposes of example, FIG. 1 refers to phosphors, e.g. for the 
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manufacture of fluorescent lamps. However, the present invention could also be 
used for mixing other substances, sources of light, etc. For instance, although 
avionics instrumentation is often backlighted with fluorescent lamps, e.g. serpentine 
or bent fluorescent lamps, many (e.g. hundreds of) red, green, and blue LEDs could 
also be used and the light produced blended to produce the right overall color or 
chromaticity. In such a situation the present invention could be used to select the 
right mix of the three color LEDs. The red, green, and blue spectra characteristics 
of the LEDs would be input (rather than mass of phosphors), and the output would 
*J3 be the number of each color LED to add or use. Another application would be to 
If? select phosphors for cathode ray tubes (CRTs). Other applications extend beyond 
|| avionics applications. 

In 

[0025] Reviewing the steps shown in FIG. 1, for the example of phosphors for 

|3 lamps, the first two steps illustrated are to determine the desired chromaticity (step 

*4 102) and to determine the desired quantity of phosphor mix that is needed (step 

&«? 

104). The desired chromaticity (for step 102) may be a range specified for the 
product to be manufactured, for example, for the manufacture of fluorescent lamps 
for AMLCD avionics applications. The quantity of phosphor (e.g. in step 104) may 
be specified, for instance, in mass or volume. Determining the desired chromaticity 
and determining the desired quantity of phosphor mix to be produced (steps 102 
and 104 respectively) may be accomplished in either order depending on the 
circumstances at hand. The quantity of phosphor mix (for step 104) will typically 
depend on the number of products to be manufactured (e.g. number of lamps), the 
quantity of phosphor mix required for each product, the amount of phosphor mix that 
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is typically wasted when a product is manufactured, etc. The steps may be similar 
for other substances besides phosphors. 
[0026] Once the desired chromaticity is determined (step 102), the proportion of 

each substance (e.g. phosphor) may be calculated or determined (step 106) using 
methods known in the art. Such methods may include simply using the same 
proportions that were used successfully in a previous batch for a similar application. 
Determining the desired quantity of phosphor mix to be produced (step 104) and 
calculating the proportion of each phosphor to obtain the desired chromaticity (step 

C3 

MP 106) could usually be completed in either order as long as determining the desired 

ffl chromaticity (step 102) is completed before calculating the proportion of each 

I'M 

|^ phosphor to obtain the desired chromaticity (step 106). Once the proportion of each 

CP 

* phosphor is determined (step 106), and the quantity of phosphor mix is determined 

|g (step 104), the quantity of each phosphor, generally in mass or volume, may be 

tp M calculated (step 108). Then these quantities of phosphors or other substances are 

P 

mixed (step 110). In other words, the phosphors are mixed in some proportion 
forming a working mixture. A prototype product (e.g. a lamp) may then be 
manufactured (step 112) using this working mixture. As used herein, the term 
prototype means that it is one of the first products made with this working mixture or 
batch of substance, e.g. phosphor mix, and is used to determine, as a minimum, if 
the batch is acceptable. The chromaticity of the prototype is then measured (step 
114), for example with a colorimeter, and compared (in decision step 116) with the 
desired or required range for the product (e.g. from step 102). It may be necessary 
or desirable to put the prototype through a process to simulate aging prior to 
measuring the chromaticity. 
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If the chromaticity of the prototype is within the desired or required range (as 
determined in decision step 116) then the phosphor mix may be used to 
manufacture (e.g. many) copies of the product (e.g. many lamps for AMLCD 
avionics applications) (step 120), which all presumably have approximately the 
same chromaticity as the prototype (e.g. of step 112). However, in applications 
where a precise chromaticity is required, for example, the manufacture of 
fluorescent lamps for AMLCD avionics applications, the chromaticity of the first 
iteration prototype is typically not within the required range. If (as determined in 
decision step 116) the chromaticity is not within the desired or required range, then 
required adjustments to the quantities of phosphors are calculated (step 118). 
Adjustments to the quantities of phosphors (in step 118) may be calculated with a 
computer, for instance a spreadsheet, an exemplary embodiment of which is 
described herein. Once the adjustment quantities are calculated (in step 118), the 
adjustment quantities may be added to the original mix and mixed together 
(repeating step 110), another prototype may be manufactured (step 112) and the 
chromaticity of the new prototype may be measured (step 114). In many 
applications the chromaticity will then be within the desired range (as determined in 
decision step 116), and the phosphor mix will be used to manufacture more 
products (e.g. lamps) (step 120). However, if, on the other hand, the chromaticity is 
still not within the desired range (as found in decision step 1 16), another iteration of 
adjustments to the phosphor quantities may be calculated (step 118). This process 
(steps 118, 110, 112, 114, and 116) may be repeated as many times as required to 
obtain the desired chromaticity; however, typically few such iterations are required. 
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[0028] This sequence of steps just described is in contrast to the prior art wherein, 

rather than performing calculations, a skilled artisan typically intuitively or empirically 
determined adjustments to the phosphor quantities. The present invention typically 
requires fewer iterations, the preparation and chromaticity testing of fewer costly 
prototypes, and less skill on the part of the user. 
[0029] Shifting the focus to FIGS. 2-46, the present invention also provides, included 

herein as an exemplary embodiment, a software tool for calculating the required 
adjustments in phosphor quantities (step 118) in FIG. 1. In addition to other 
potential applications, this software tool may allow a lamp (or other product) 
manufacturer with little or no knowledge of optics to input parameters (described 
below) essential to color mixing of 3-phosphor lamps in order to meet the specified 
color target. These inputs may first be used to calibrate the software tool (in order 
to take into account variations in the overall system, including colorimeter used to 
%i measure the color), and then to obtain the offset necessary in the relative RGB 
; )M phosphor weightings in order to meet the desired color. 
[0030] The tool may be run on or be programmed into a computer, such as a PC, 

typically with a spreadsheet or spreadsheet software such as MICROSOFT EXCEL 
preferably with a SOLVER add-on. There typically will be hardcoded values, e.g. for 
phosphor spectra (or the analogous equivalent for other technology), tristimulus 
values (necessary to transform spectra into chromaticity coordinates), and formulas 
to accomplish the conversion. The user may have buttons to accomplish first 
normalization and then adjustment calculations. Such a spreadsheet is described 
herein as an exemplary embodiment of the present invention. 
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[0031] In general, the software tool may use four inputs which are typically entered 

into the spreadsheet before operation of the tool, not necessarily in the order that 
they are described herein. First, the software tool may have input spectral 
characteristics of tri-color emitting elements, e.g. a 3-color phosphor mix, which for 
example, may be in a 2 nm resolution from 400 nm to 700 nm. Second, the 
software tool may have input the absolute weightings of tri-color elements (e.g. 
gram mass of phosphor or number of elements in case of an LED) or relative 
weightings e.g. of each phosphor, to the desired resolution (e.g. to the nearest 1 
gram). The relative weightings typically sum to 100%. Third, the software tool may 
have input a measured emission chromaticity for a 1st iteration (prototype) lamp, 
typically in u' v' coordinates (e.g. to a 0.001 resolution) (unitless). Fourth, the 
I software tool may have input a target emission chromaticity, again typically in u' v' 

13 coordinates (e.g. to a 0.001 resolution). Both the measured and target 

^ chromaticities should preferably be achieved or evaluated in the final product (e.g. 

£3 

^ the fluorescent lamp backlight, LED array, etc.) under the common environmental 
and electronic drive conditions. The tool may incorporate the spectral inputs of each 
phosphor with the relative weightings of each phosphor to obtain a calculated color 
target, which may then be normalized to what is input as the measured chromaticity 
(this normalization takes into account errors introduced by the measuring 
instrument, for example). The tool then may allow the user to calculate the 
adjustment in amounts of each phosphor necessary to move the 3-color mixture 
from the measured color to the target color. The tool may use iteration to calculate 
the normalized values and adjustments. Convergence criteria for the iterative 
calculations may be 0.001%. The convergence metric is typically u' v' chromaticity 
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coordinates, and the conditions for convergence may be tested after each 
calculation by convolution of the tri-color weightings with the spectral content of 
each element and subsequent conversion of the spectral output to u' v' chromaticity 
coordinates by means of the known values of tristimulus values X-bar, Y-bar, and Z- 
bar. 

[0032] FIG. 2 is a flow chart illustrating the steps to use the exemplary method for 

generating a spreadsheet embodiment of the present invention for one iteration, for 
example, for manufacturing lamps. In further description of the exemplary 
embodiment spreadsheet, FIGS. 3 - 18 is a screen shot or printout showing some 
of the numerical values of the exemplary embodiment spreadsheet. Illustrated is 
essentially what a user would see utilizing the booster tool within EXCEL. However, 
the user would also see two buttons in the lower right corner; one that allows 
normalization of the tool, and the other that allows calculation of the tools. These 
buttons are both tied to macros, which are described in detail below. FIGS. 3-18 
can be assembled with FIG. 3 in the upper left, FIG. 4 below FIG. 3, FIG. 5 to the 
right of FIG. 3, FIGS. 6-12 in order below FIG. 4, and FIGS. 13-18 in order to the 
right of FIGS. 6-12. FIGS. 3-18 show entered or calculated values for each cell 
for one example of entered data. FIGS. 4 and 5 show graphs. 
[0033] FIGS. 19 - 46 is a printout showing the formulas for some of the cells of the 

spreadsheet depicted in FIGS. 3-18, which illustrates an exemplary embodiment 
of the present invention. FIGS. 19-46 can be assembled with FIG. 19 in the upper 
left, FIG. 20 to the right of FIG. 19, and FIG. 21 further to the right. FIG. 22 lies 
below FIG. 19, FIG. 23 below FIG. 22, FIG. 24 below FIG. 23, FIG. 25 below FIG. 

24, FIG. 26 below FIG. 25, FIG. 27 below FIG. 26, and FIG. 28 below FIG. 27. FIG. 
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29 is properly located to the right of FIG. 22, FIG. 30 below FIG. 29, FIG. 31 below 

FIG. 30, FIG. 32 below FIG. 31, FIG. 33 below FIG. 32, and FIG. 34 below FIG. 33. 

FIG. 35 is properly located to the right of FIG. 29, FIG. 36 below FIG. 35, FIG. 37 

below FIG. 36, FIG. 38 below FIG. 37, FIG. 39 below FIG. 38, and FIG. 40 below 

FIG. 39. FIG. 41 is located to the right of FIG. 35, with FIG. 42 below FIG. 41, FIG. 

43 below FIG. 42, FIG. 44 below FIG. 43, FIG. 45 below FIG. 44, and FIG. 46 

below FIG. 45. These figures together show the entire spreadsheet and show either 

formulas or entered or calculated values for each cell of the spreadsheet. 

Referring once again to FIG. 2, in the exemplary embodiment, the measured 

chromaticity and starting phosphor weights of the first iteration prototype, (e.g. a 

lamp) are input (step 202). This is essentially the chromaticity measurement of step 

114 and the data calculated in step 108, both shown in FIG. 1. The measured 

chromaticity u' and v' is entered in cells C12 and D12 respectively as shown in 

FIGS. 3 and 19. The starting phosphor weights or starting formulation is entered 

into cells F5, F6, and F7 for the red, green, and blue phosphors respectively, also as 

shown in FIGS. 3 and 19. Step 204 is to input the desired color or chromaticity 

target u' and v\ for the product, which is entered into cells FIGS. 3 and 19. These 

values are essentially the desired chromaticity from step 102 of FIG, 1 . The desired 

chromaticity, for example, may be a particular hue of white or a white color point. In 

an exemplary embodiment of the present invention, the cells that receive input data 

(e.g. cells C12, D12, F5, F6, F7, C13, and D13) are white (not shaded) on the 

spreadsheet to indicate to the user that input data is required in these cells. Step 

206 is to press the "normalize" button (one of the buttons described above as being 

in the lower right corner) to match up the starting phosphor weights or mass (cells 

17 



F5, F6, and F7) with the starting measured chromaticity (cells C12 and D12). 
Among other things, the "normalize" function compensates for, or takes into 
account, any variation in instrumentation used to measure the chromaticity. Step 
208 is to press the "calculate adjustment" button (the other button described above 
as being in the lower right corner) to obtain the change in phosphor weights in red, 
green, and blue, in order to meet the desired chromaticity. The recommended 
change in phosphor weights or adjustment needed appears in cells D5, D6, and D7 
as shown in FIGS. 3 and 19. The recommended changes in phosphor weights in 
step 210 are essentially the required adjustments in phosphor quantities in step 118 
on FIG. 1. Step 210 is to read the recommendation from the "adjustment needed" 
column (cells D5, D6, and D7) for the red, green, and blue phosphors (respectively). 
The mass or number of grams of each phosphor to be added is indicated in the 
exemplary embodiment, although other ways of indicating the relative amounts of 



Focusing now within the exemplary embodiment spreadsheet and referring to 
FIGS. 6-11, and 22 - 27, the cells in column D from rows 40 to 190 indicate a 
wavelength for each corresponding row (40 to 190). These wavelengths start at 400 
nm in row 40, and increase by 2 nm per row to 700 nm in row 190. Thus, each row 
from 40 to 190 corresponds to a band of wavelengths, each band being 2 nm in 
width. Thus, the spreadsheet performs calculations for each 2 nm band of 
wavelengths, and weighting is typically applied equally to all bands of wavelengths 
within the range (e.g. from 400 - 700 nm) for each color element. Other widths of 
wavelength bands could be used, for instance 1 or 3 nanometers wide, or 
something in-between. 




the phosphors could also be used. 
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[0036] Each phosphor typically has a known spectral characteristic that has been 

hard coded or entered into the spreadsheet. Thus, for each wavelength or range of 
wavelengths in column D, corresponding characteristics or properties of the 
particular red, green, and blue phosphors are hard coded in columns E, F, and G, 
respectively, rows 40 through 190, as shown in FIGS. 6 - 11, and 22 - 27. These 
hard coded values are typically unique to the phosphor materials being used or the 
analogous equivalents for other technology. In the exemplary embodiment of 
manufacturing lamps using phosphors, these values can be determined by 
>fl constructing a lamp with just the red phosphor, constructing a lamp with just the 

m 

IP blue phosphor, and constructing a lamp with just the green phosphor. Chromaticity 

fU 

2£ measurements from each of these single-phosphor lamps can be used to determine 

; ; r * the values input into columns E, F, and G, respectively, rows 40 through 190. 

|g However, such a process typically only need be performed once for each phosphor, 

*M regardless of how many batches of mix (working mixtures) are made with them 

|3 

IN* thereafter. 



[0037] Columns A, B, and C, rows 40 through 190 as shown in FIGS. 6-11, and 22 

- 27 contain what is labeled "Lamp Color Calculation" (see the label in row 36). 
These calculated values (shown e.g. in FIG. 3) correspond to the wavelengths or 
wavelength bands indicated in column D, and are intermediate values calculated 
with the formulas shown, for example, in FIGS. 22 - 27, rows 40 through 190. The 
calculated values in columns A, B, and C, rows 40 through 190 will be discussed in 
more detail below after other values are introduced. 



[0038] Columns H, I, J and K, rows 40 through 190 as shown in FIGS. 13-18, and 

29 - 34 contain what are labeled "Spectral Emissions of Mixture" (see the label in 
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row 36). These calculated values (shown e.g. in FIG. 13) also correspond to the 
wavelengths indicated in column D, and are calculated with the formulas shown, for 
example, in FIG. 29 - 34, rows 40 through 190. The red, green, and blue values in 
columns H, I, and J, are simply the properties of the phosphors from columns E, F, 
and G, multiplied by the formulation percent (proportion of each phosphor from step 
106 in FIG. 1) in column E rows 5 through 7. The white values in column K are 
simply the sum of the values in columns H, I, and J. 
[0039] Still referring to FIGS. 13 - 18, and 29 - 34, columns M, N, O, and P, rows 40 

*J3 through 190 contain what are labeled "Spectral Emissions for Graph Normalized" 

t [ 3 (see the label in rows 36 and 37). These calculated values (shown e.g. in FIG. 13) 

fU 

g also correspond to the wavelengths indicated in column D (and identically indicated 

I * in column L), and are calculated with the formulas shown, for example, in FIG. 29 - 

ip 34, rows 40 through 190. The red, green, blue, and white values (not labeled as 

i* 

%! such) in columns M through P are simply the "Spectral Emissions of Mixture" values 

P 

P from columns H through K, divided by the maximum value found in columns H 

through K, rows 40 through 190. Thus, the largest value in columns M through P 
and rows 40 through 190 is one (1). The white values in column K are simply the 
sum of the values in columns H, I, and J. 
[0040] As shown in FIGS. 41-46, columns Q, R, and S, rows 40 through 190 contain 

tristimulus values, which are labeled "X-BAR", "Y-BAR", and "Z-BAR" (see the labels 
in row 36, FIG. 41). The tristimulus values are hard coded values which are spectral 
representations of the three primary colors (red, green, and blue) used to convert 
spectra to chromaticity coordinates u' and v\ Thus, in cells A40 through S190, the 
tool or spreadsheet is working strictly in spectra. However, the values "X-BAR", 
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"Y-BAR", and "Z-BAR", are used (and are well known in the art) to convert from 
spectra content to the u' v' chromaticity space. 
[0041] Returning once again to the "Lamp Color Calculation" values in columns A, B, 

and C, rows 40 through 190, as shown, for example, in FIGS. 3 and 19, these 
values are the tristimulus values "X-BAR", "Y-BAR", and "Z-BAR" (respectively) in 
columns Q, R, and S, rows 40 through 190, multiplied by the white "Spectral 
Emissions of Mixture" in column K, same rows. See the formulas shown, for 
example, in FIG. 22 - 27, rows 40 through 190. Turning now to FIGS. 12 and 28, 
*J3 the "Lamp Color Calculation" values in columns A, B, and C, rows 40 through 190 

|Q are summed for each column, and multiplied by two, in row 192, cells A192, B192, 

ifU 

± and C192. See the formulas in these cells in FIG. 28. These values are then 

m 
to 

transcribed into cells B195, B196, and B197 for X, Y, and Z respectively. Then x 
Q and y are calculated in cells B199 and B200 respectively, with the formulas shown 

%I in FIG. 28, namely, x being X/(X+Y+Z) and y being Y/(X+Y+Z). From these values, 

$3 

iM values of u' and v' are calculated in cells B202 and B203 respectively with the 
formulas shown in FIG. 28, namely, u' being 4x/(3+12y-2x) and v' being 9y(3+12y- 
2x). For reference and completeness, the luminance or resultant brightness of the 
tri-color mixture, L, is also calculated in cell B205, based on the calculated 
chromaticity. Specifically, L = Y(683)(0.2919). 
[0042] Cells B5 through C7, shown in FIGS. 3 and 19, are essentially storage cells 

for the "Normalize" calculation, during which the original phosphor mass or weights 
andjhe spectral content is convolved with the tristimulus values to calculate what 
the chromaticity "should be". These weights are stored (in essence temporarily, as 
they are not used after the convergence between the calculated and measured 
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chromaticity is achieved) and not used again. As mentioned above, although not 
shown on the figures, the tool typically has "Normalize" and "Calculate Adjustment" 
buttons immediately below the graph of the chroma specification (roughly in the 
vicinity of cells 123 and 126), which are programmed to execute the 
optimization/convergence calculations described herein. 
[0043] The "Normalize" button initiates and performs an iterative calculation 

intended to bring the corresponding chromaticity (u* v') of the relative weightings of 
the tri-color elements into synch with the measured chromaticity of the backlight. 
This button initiates the following iterative calculation. First, the relative weightings 
of each color element are parameterized. Then SOLVER runs an optimization 
routine on the parameterized color weightings to force convergence between the 
initial weighted chromaticity (based on initial weights and spectral content) and the 
measured chromaticity. The initial element weights are changed until convergence 
with the measured chromaticity input is achieved, and then the calculated weights 
are stored in the spreadsheet as the starting point for the "Calculate Adjustment" 
calculation. 

[0044] The "Calculate Adjustment" button initiates and performs an iterative 

calculation intended to force convergence of the measured chromaticity with the 
input target chromaticity. This button initiates the following iterative calculation. 
First, relative weightings of each color element are parameterized. Second, 
SOLVER runs an optimization routine on the parameterized color weightings to 
force convergence between the measured chromaticity and the target chromaticity. 
The element weights are changed until convergence with the target chromaticity is 
achieved. Then finally, the differences between the starting and endinq weiqhts for 
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each of the color elements are calculated and displayed on the spreadsheet (e.g. as 
the "Adjustment Needed" in cells C5 through C7). 
[0045] When either the "Normalize" or "Calculate Adjustment" buttons are used, 

SOLVER optimization occurs under the following simultaneously-applied 
constraints. First, the sum of the tri-color element weightings is minimized (to 
prevent the additions to each color from increasing without bound). Second, the 
initial weights for each element are set as minimum constraints (to prevent the final 
weight for any element form being less than the initial weight, resulting in a 
CP recommendation to remove material, which may not be physically possible). Third, 

q 

5$ the convergence criteria between the starting and ending chromaticity values occurs 

fil 

| with 0.001 resolution in u' v' coordinates. In other words, iterations are performed 

W 

IP until the convergence criteria (initial and final chroma values are within 0.001%) is 

..(3 

achieved. The SOLVER optimization is run when either the "Normalize" or 

S3- 

I* "Calculate Adjustment" buttons are used, the only difference being the initial and 

Ni 

C3 final chromaticities. The "Normalize" button designates the "Calc Lamp chroma 

jb'P 

target" (cells C11 and D11, which contain the same values as cells B202 and B203 
respectively) as the initial, and the "Lamp Measurement" (cells C12 and D12) input 
values as the final target. In contrast, the "Calculate Adjustment" button designates 
the "Lamp Measurement" (cells C12 and D12) input values as the initial target, and 
the "Desired chromaticity" (cells C13 and D13) input values, as the final target. 
[0046] The information between cells R5 and X31 generates the graphics shown 

best on FIGS. 4 and 5. The formulas used to generate the graph shown in FIG. 5 
can be seen primarily on FIG. 20. This information graphs the target chromaticity (u' 
v' coordinates, represented by cells U5 and U6) and specification circle radius (cell 
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U7, typically predefined, e.g. for various avionics requirements). Referring to FIG. 5, 
the white dot in the center represents the ideal chromaticity, the big circle represents 
the desired or required range of chromaticities, and the black dot represents the 
measured chromaticity, e.g. of the prototype. The graph on FIG. 4 shows the 
emissions as a function of wavelength, typically of both the measured and desired 
chromaticity. 

[0 047] Other variations and modifications of the present invention will be apparent to 

those of ordinary skill in the art, and it is the intent of the appended claims that such 
variations and modifications be covered. The particular values and configurations 
discussed above can be varied, are cited to illustrate particular embodiments of the 
present invention and are not intended to limit the scope of the invention. It is 
contemplated that the use of the present invention can involve components having 
different characteristics as long as the principle, the presentation of a system or 
method for accomplishing high-accuracy mixing, is followed. 
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